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_ rJVTALygT WITH LOW SURFACE AREA ALUMINA, ITS PREPARATION 
FISCHER-TROPSCH CATALYST wun 
AND USE THEREOF 

Th. present invention reiates ,o Fischer-Tropsch (F-T) crtalysts, their use in F-T 
^thesis redoes, medtods of their use and method* of their rn.nuf.cnrr.. 

5 Conversion of namral g» . ■*« hydrocarbons ("Gas To Utptids- or 'GTTL^ 

process) isbased on a 3 ate, procedure consisting of: 1) svnthests ga, producuon, *> 
I,. J, g»a —on by FT .ynthesi., .nd 3) upgr^ng of FT produc* K»« mm 
naphtha-distillate.) to find producu such as naphtha, kerosene, dt.se! o, ofter 

10 products, for example lube oil base. 

Support* cobah catalysts are the preyed catatyst. for the FT synthesis The nto* 
JLmi properties of a cob* FT ctmys, «e Ore .ctivtty, the selecvty usually to 
o ld heavier products and ,h. r^ce ~~d- —ion. Known «-y~ - 
,5 typieaUy based on tiunia, stUc, or ahtmina supports and v*ious m«.U and meral 
oxides have been shown to be useful *> promoters. 

A recent sesies of p^ers by ,g.esia et a>. tnc.ud.ng "Selectivity Contro. and Catalyst 
Design in th. Fiscb.r-Tn.pseh Syndesis: Sire^ Pdlets .nd Actors Advances tn 
20 C*U Vol 39. ,993, p. 22.-302, has given . do* of 0* re^onnetworx 
...ding to various hydrocarbon produc* and a merhodology to optinuae caUlys. 
propenies ,ow«ds tite d.sired heavy hydrocarbon. The maximum C, + se,ect.v,,y 
obledbydeaignrngca^tpe^^ 

This is achieved by increasing intrapartide diffusion resistance to th. pom. whex. 
25 secondary"*.!, bui.ding reactions of primly products (alph»-o..f.ns) M « maxtrn,^ 

w,« lead to poor s^ctivity. This principm is shown to be gener.il, appbcaWe o„ a, 
0,e ^porismenaone.abov..Byp.o« i „gd i ff«en.ca» 1 y*«,hd i ff«.n,ph,s,c- 

propels (pmucl. si.., porosity, cobah .oading, cobai, dispersion) a typtcal vo,ctmo 
30 pJ ■ is generated and the maximum C 5+ selectivity is found fo, in.ermed.ate vah.es of 
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a parameter V which is a fonction of Ae P"™" 1 *" 8 mentioned above and U * 

; of the intraparticle diffusion resistance at a given set of reaction conditions. 



0) 



measure < 
Definition of x 

5 

X = Ro 2 0 0 /r p 
where: 

Ro = Catalyst particle radius (m) 
10 0 = Catalyst porosity 

6 = Catalytic site density (sites/m ) 
r p = average pore radius (m) 

According to Iglesia the optimum value of x for a typical set of FT reaction conditions 
15 (200°C, 20 bar; H^CO = 2. 1, 50-60% conversion) is about 500-1000 xlO" m , 
irrespective of the nature of the catalyst support used. From the definition of % it 
appears that any of the parameters involved (particle radius, porosity, pore radius or 
site density) can be varied to achieve the desired value of X - However, this is 
somewhat misleading due to the known relationship between specific surface area, 
20 pore radius and porosity (or specific pore volume). By introducing these relationships, 
it will be seen that X can be described by the particle size, the cobalt loading, the cobalt 
dispersion and the porosity. Thus, it can be seen that X is actually independent of pore 
radius and site density and is determined only by the volumetric transport parameter 
which is controlled solely by particle size, the cobalt loading, the cobalt dispersion and 
25 the porosity. 

The following known equations are valid for an ideal cylindrical pore structure: 



r p = 2V g /S g 



(2) 
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20 



V g = o/ P P 
p P = (l -0)P» 

where 



(3) 
(4) 



V g = specific pore volume (cm 3 /g) 
S g = specific surface area (m 2 /g) 
p p = particle density (g/cm 3 ) 
10 p , - material density (g/cm 3 ) 

The site density term in (1) (9 = Co sites/m 2 ) can be expressed by: 
8 = Co sites/m 2 surface area = Xo, Dc» A / S g Mc» ( 5 ) 



where 



Xo, = Total Co concentration in catalyst (go/gc*) 
Deo = Co dispersion (fraction of total Co exposed) 
A = Avogadro number = 6.23 10 23 atoms/mole 
Mc = Co molecular weight = 58.9 g/mole 



By 



combining equations (2>(5) with (1) it can be shown that x can be written as: 



25 x = Ro 2 XcoDcoA(l-0)p./2Mco < 6 > 

It is apparent from (6) that x actually is independent of pore radius and only depends 
on the volumetric density of sites in the free pore volume of the catalyst. It is also 
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clear that due to the second order dependency on particle size, the easiest way of 
controlling X is to vary the particle size. 

If a cobalt catalyst is to be used in a fixed-bed type reactor it is necessary to use 
5 particle sizes of 1 mm or larger in order to avoid unacceptable pressure drop over the 

reactor. Ho^.*^^*^**^*^"^"^- 
due to high reactant diffusion resistance. This can to a certain extent be addressed by 
the use of so called eggshell or rim type catalysts where the active cobalt contammg 
phase is located in a relatively thin region in the outer shell of the support. However, 
10 in slurry type reactors, it is necessary to employ much smaller particles, typically 10- 
~ 100 pm. It is then easily seen that it will be extremely difficult to achieve X vah.es in 
the desired region. For example, a catalyst with 10 weight % cobalt loading, 5 /. Co 
dispersion, 50% porosity and 50 micron particles will have X - « * 10 m 

1 5 It should also be kept in mind that the parameters in eq. (6) can generally not be 

changed independently, i.e. the higher Co loading the more difficult it is to aclueve a 
high dispersion. Moreover, the lower the porosity the more difficult it becomes to use 
a high cobalt loading. A combination of 20 weighr* cobalt loading, 10% Co 
dispersion and 30»/o porosity gives a higher volumetric cobalt density than can be seen 

20 in any reference known to the applicant, The corresponding value of X for a 50 pm 
particle (which is suitable for slurry reactor operation) will then be 75 x 10 
which is still far lower than the optimum value taught by Iglesia. 

Thus, there is no apparent teaching for preparing high selectivity catalysts for use with 
25 small particle sizes, such as are encountered in slurry reactors. 

The applicants have concluded a series of experiments to investigate the effect of x on 
selectivity using a rhenium promoted cobalt on alumina support catalyst. These show 
only limited optimization potential by changing X through changing the particle size. 
30 The results are shown in Figure 1. Figure 1 shows the effect X on selectivity using 
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20%Col%Re/7-Al,O 3 catalyst (8% dispersion, 60% porosity, average particle «. 
(microns): 46, 113, 225, 363, 638). Fixed bed reactor tests were conducted at: 200 C, 
20 bar, H./CO = 2.1, 50-70% conversion, >24 h on stream. All data have been 
replicated 2 or more times. 

density or reactivity of olefin hydrogen va. olefin resorption « Thts effect 
. diree. consequence of .he formulation of the reaction network. However, no 
guidance ia given aa to how this change can be bnih into a real cattly*. 



10 



I, ia an object of the present invention to provide a F-T catalyst for ose in slurry 
reactors with improved selectivity to C hydrocarbon. 

One of the requirement, of a camlyst for use in a slurry reactor is tin* .he paries of 
should reuin .heir arucure. integrity. C*uuys,s which are supported on 
.Uani. are relatively we* and though encouraging result, have been achteved from 
,b. point of view of sdectivity, there may be a tendency for titania-supported cobalt 
^ to disintegnae upon prolonged use. Alumina has an inherently rtronger 
resisunc. against atttition and break-up of tire crdalya, particle, than tiomta ami ts thus 
, more preferred support material from the point of view of mechanica. proper.*, 

According to one aspect of the present invention, there is provided a catalyst for use in 
. Fiacher-Tropsch synthesis reaction which comprises cobalt supported on alumma, m 
which the alumina support has « specific surftc. area of <50mVg preferably <30m ,g, 
25 but preferably not below 5m 2 /g. 

Preferably, the alumina is at least 50% alpha-alumina, with the remainder being 
gamma- and/or theta-alumina, preferably, predominantly theta-alumina. Preferably, it 
is at least 80% or even substantially pure alpha-alumina. 



20 



WO 02/47816 



PCT/GB01/05461 



6 

Preferably, the cobalt represents from 3 to 35% by weight of the catalyst, more 
preferably from 5 to 20% by weight. The catalyst may also include up to 2% by 
weight of rhenium, e.g. 0.25 to 1 % or 0.25 to 0.5% rhenium. Other known metallic 
promoters/dopants such as platinum, rhodium, iridium and palladium may also be 
5 included, preferably at the same levels, as well as oxide promoters/dopants such as 
rare earth oxides and alkali metal oxides. 

According to another aspect of the present invention, there is provided a method of 
manufacturing a Fischer-Tropsch catalyst which comprises heat treating alumina 
10 particles at a temperature in the range of 700 to 1300°C for a period of between 1 and 
15 hours; and impregnating the heat treated alumina particles with cobalt and any 
desired promoters/dopants. Preferably, the treatment temperature is in the range of 
900 to 1200°C and the treatment period is between 5 and 10 hours. 

1 5 The invention also extends to the use of a catalyst according to the first aspect of the 
invention in a F-T synthesis reaction. This may suitably be carried out in a slurry 
bubble column reactor. 

The invention also extends to a method of converting natural gas to C 5 + hydrocarbons, 
20 which comprises; subjecting a natural gas feed stream to a reforming reaction to 

produce a synthesis gas feed stream of hydrocarbon and carbon monoxide; subjecting 
the synthesis gas feed stream to a Fischer-Tropsch synthesis reaction in the presence 
of a catalyst according to the first aspect; and separating a product stream including 
C5+ hydrocarbons. 

25 

The method of depositing the active metal, the metallic promoters, the alkali and the 
rare earth oxide on the alumina support is not critical, and can be chosen from various 
methods well known to those skilled in the art. One suitable method that has been 
employed is known as incipient wetness impregnation. In this method the metal salts 
30 are dissolved in an amount of a suitable solvent just sufficient to fill the pores of the 
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catalyst In another method, the metal oxides or hydroxides are coprecipitated from an 
aqueous solution by adding a precipitating agent. In still another method, the metal 
salts are mixed with the wet support in a suitable blender to obtain a substantially 
homogenous mixture. In the present invention, if incipient wetness impregnation ,s 
used the catalytically active metal and the promoters can be deposited on the support 
using an aqueous or an organic solution. Suitable organic solvents include, for 
example, acetone, methanol, ethanol, dimethyl formamide, diethyl ether, cyclohexane, 
xylene and tetrahydrofiiran. 

Suitable cobalt compounds include, for example, cobalt nitrate, cobalt acetate, cobalt 
chloride and cobatt carbonyl, with the nitrate being the most preferable when 
impregnating from an aqueous solution. Suitable rhenium compounds include for 
example, rhenium oxide, rheninum chloride and perrhenic acid. Perrhenic acid is the 
preferred compound when preparing a catalyst using an aqueous solution. Suitable 
platinum, iridium and rhodium compounds include, for example, mitrates, chlorides 
and complexes with ammonia. Suitable alkali salts for incorporating the aHcali into the 
catalyst include, for example, the nitrates, chlorides, carbonates, and hydroxides. The 
rare earth oxide promoter can suitably be incorporated into the catalyst in the form, for 
example, of the nitrate or chloride. 

After aqueous impregnation, the catalyst is dried at 1 10«C to 120»C for 3 to 6 hours. 
When impregnating from organic solvents, the catalyst is preferably first dned in a 
rotary evaporator apparatus at 50°C to 60'C under low pressure, then dried at 1 ICC to 
120°C for several hours longer. 

15 The dried catalyst is calcined in air by slowly increasing the temperature to an upper 
limit of between 200'C and 500'C, preferably between 250«C and 350"C. The rate of 
temperature increase is preferably between 0.5'C and 2«C per minute, and the catalyst 
is held at the highest temperature for a period of 1 to 24 and preferably 2 to 16 hours. 

30 The impregnation procedure is repeated as many times as necessary to obtain a 



20 



PCT/GBOl/05461 

WO 02/47816 

8 

catalyst with the desired metals content. Cobalt, rhenium, alkali and the rare earth 
oxide promoter, if present, can be impregnated together, or in separate steps. If 
separate steps are used, the order of impregnating the active components can be 
varied. 

5 Before use, the calcined catalyst is preferably reduced with hydrogen. This can be 
suitably carried out by flowing hydrogen at a space velocity of at least 1000 Ncm /g. 
The temperature is slowly increased from ambient to a maximum level of 250'C to 
450'C, preferably between 300«C and 400»C, and maintained at the maximum 

10 temperature for about 1 to 24 hours, more preferably 5 to 16 hours. 

The reactor used for the synthesis of hydrocarbons from synthesis gas can be chosen 
from various types well known to those skilled in the art, for example, fixed bed, 
fluidized bed, ebullating bed or slurry. The catalyst particle size for the fixed or 
15 ebullating bed is preferably between 0.1 and 10 mm and more preferably between 0.5 
andSmm. For the other types of operations a particle size between 0.01 and 0.2 mm 
is preferred. 

The synthesis gas is a mixture of carbon monoxide and hydrogen and can be obtained 
20 from any source known to those skilled in the art, such as, for example, steam 

reforming of natural gas or partial oxidation of coal. The molar ratio of H 2 :CO is 
preferably between 1:1 to 3:1; and more preferably between 1.5:1 to 2.5:1. Carbon 
dioxide is not a desired feed component for use with the catalyst of this invention, but 
it does not adversely affect the activity of the catalyst. All sulfur compounds must, on 
25 the other hand, be held to very low levels in the feed, preferably below 100 ppb. 

The reaction temperature is suitably between 150'C and 300»C, and more preferably 
between 175°C and 250'C. The total pressure can be from atmospheric to around 100 
atmospheres, preferably between 1 and 50 atmospheres. The gaseous hourly space 
30 velocity, based on the total amount of synthesis gas feed, is preferably between 100 
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and 20 000 cm' of gas per gram of catalyst per hour; and more preferably from 1000 
to 10,000 cm'/g/h, where gaseous hourly space velocity is defined as the volume of 
synthesis gas (measured at standard temperature and pressure) fed per umt we.ght of 
catalyst per hour. 

The reaction products are a complicated mixture, but the main reaction can be 
illustrated by the following equation: 



10 



15 



20 



25 



nCO+2nH 2 -»(-CH 2 -)»+nH20 

w here (-C&-), represents a straight chain hydrocarbon of carbon number n. Carbon 
number refers to the number of carbon atoms making up the main skeleton of the 
molecule In F-T synthesis, the products are generally either paraffins, olefins, or 
alcohols. Products range in carbon number from one to 50 or higher. 

in addition, with many catalysts, for example, those based on iron, the water gas shift 
reaction is a well known side reaction: 

CO+HiO^H 2 +C0 2 

With cobalt catalysts the rate of this last reaction is usually very low. 

The hydrocarbon products from Fischer-Tropsch synthesis are distributed from 
methane to high boiling compounds according to the so called Schulz-Flory 
distribution, well known to those skilled in the art. The Schulz-Flory distribute is 
expressed mathematically by the Schulz-Flory equation: 
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where n represents carbon number, a is the Schulz-Flory distribution factor which 
represents the ratio of the rate of chain propagation to the rate of chain propagation 
plus the rate of chain termination, and W B represents the weight fraction of product of 
carbon number n. This equation shows that an increased a results in a higher average 
5 carbon number of the products. Higher a values are desirable when heavier products, 
such as diesel fuel, are relatively more valuable than lighter products, such as naphtha 
and light gases. 

Th e i „ve« i o„ i s,K«efb re conc OT ,edwUh*.pr«pa^o„^^inFT^h e »,of» 
10 cob.lt support Clys. on to. surface ar« alumina for optimizing C + se.ectiva.ea. 
This is preferably echieved by hear treatinen, of high surface area aluminas to achieve 
,he desired surfhc. areas, but i. is understood that any me™ of achieving ma.en.ls 
with such properties are covered by the invention. Anofcer advemage of me mvention 
is the surprisingly high activity and high reside towards .^activation of the 
15 described materials. 

The invention describes catalytic materials that can be used in any type of FT reactor 
that is suitable for synthesis of heavy hydrocarbons (e.g. fixed-bed and slurry 
reactors). It should be understood that any combination of cobalt and smtable 
20 promoters (such as Re, Pt or other suitable components) will benefit from the use of 
the low surface area alumina supports, including unpromoted cobalt catalysts. 

The catalysts of the invention provide a way to achieve high C5 + selectivities at low 
values of x. La at low values of intraparticle diffusion resistance. Thus, these catalysts 
circumvent the limitations imposed by the teaching of Iglesia. It has been discovered 
that cobalt supported on low surface area alumina can achieve substantially improved 
C5 + selectivities in FT synthesis compared to high surface area alumina, even at low 
values of x. This has been achieved by heat treatment of high surface area alummas to 
achieve the desired surface areas. The results of tests conducted indicate that the 
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increase in C5+ selectivity may be at least partially attributable to a reduced olefin 
hydrogenation activity relative to the main FT synthesis activity. 

It has also been discovered that these catalysts, in spite of the low surface area 
5 available for impregnation of active components have an activity which is higher than 
comparable high surface area (HSA) catalysts at conditions which simulate high 
conversion inaslurry bubble column reactor (i.e. at high and uniform water part., 
pressures). In feet, the low surface area catalyst activity is close to the activity of a 
high surface area catalyst with higher Co loading. 

10 In the low surface area catalyst, the loss of activity per unit time is not affected but 
there is a reversible step change upwards in activity for the low surface area catalyst 
which is not observed for the HSA catalyst. 

A further benefit over known technology is that since the composition of the wax is 
displaced towards the heavy side (higher a value), this leads to an increase m the 
middle distillate yield or lube oil base when the wax is hydrocracked or 
hydroisomerised in a downstream process. The consequence of this in a total GTL 
. process is that the recycle of unconverted gas back to the natural gas reforming section 
20 can be reduced, the overall efficiency of the process can be increased (i.e. CO, 

emissions will be reduced) and the oxygen consumption can be reduced. Still further, 
it has been discovered that the catalysts according to the invention show a reduced 
water-gas-shift activity, leading to decreased undesired CO, production. 

25 The invention may be carried into practice in various ways and will now be illustrated 
by the following examples. 



15 



In the drawings. 

Figure 1 is a graph showing the effect of * on C,+ selectivity; 
30 Figure 2 is a graph showing the effect of support surface area on C 5+ selectivity; 
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Figure 3 . graph showing C5 + sdectivUv « a ° f * « A1 '°' * ^ 

Figure 4 U . graph showing ft. of X on C5 + se.ec.ivnv using AW* supporieo 

Rgl^n graph showing ft. .free of coos,, .oading on C, + selective using AW, 
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8 ^dTare graphs showing respectively propane and propene selectivity as a 
function of X for Al,Oa supported Co catalysts. 

Example 1. Catalyst preparation 

The cuuys.. wee prepared ss foHows: A sohnion wa, prepared hy — 

of oohsU M OXNO.V6HSO end in son,, of Us. o.*s,s also p*rh«»c 
acid HReO* or ,e,ra smin piainun, nhr«e, WKMPO* "> • gw» — «■ 
distil.* waftr. The una. solution was added whh stimng ,o a given ..noun, of 
Condea .Wo* SCC. 45/.90 a.u m ina ,rea,eu in air * differen, «ernpe„r,„, 
imp reg„»,ion, and ,h« amoun, of soiution adde. «, ,h. alumina was suffice* ,o 
lev. incipien, weftess. The prepared Ca.ys.s were drieu for , hours ,n an oven s, 
..emperanrre of 1 10-C. The dried c«a.ys,s were ti,en calcined in euhy ra,s,»g «s 
temp Lrre « a heating ra,e of 2 -/nunuft ,o ,00-C and holding . ,his .ernperatisr. 
for 6 hours. After ca.cina.ion fte were screened «o ft. desueu patide . 

The .mounft used in preparation and fte conftn, of ft. prep,«d are g,ven ,n 

table la. 

IWM C^«-.^^»«^"-«* C<»a/vs«w ri «c n / B 
Ml ore accord ro *. *— » Other — ** « "'"^ 
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Two-step impregnation to achieve 20%Co by incipient wetness. 
«: Catalysts also containing 1% rare earth oxide (impregnated as La(N0 3 ),6H 2 0) 
***: Condea Catapal support. 
5 ..... The A1 2 0, treatment temperature was gradually increased to the desired 

temperature over a period of 6 hours and then kept at the desired temperature for 10 

hours. . « 

Catalysts 9-13 are different particle sizes of the same catalyst, of which the parUc e 
sizes are made by tabletising the powder before crushing and screening. The catalyst 
10 (2 x 5 kg) was prepared by incipient wetness in a mixer, drying at 1 20°C for 2 hours 
and calcining at 300°C for 3 hours. 

Example 2. Cobalt catalysts supported on high surface area alumina with 
varying particle size 

15 Catalysts 9-13 in Table 1 were tested in an isothermal fixed-bed microreactor. The 

factor was 25 cm long and had an inner diameter oflcm. Each catalyst was givena 
pretreatment consisting of reduction by passing hydrogen over the catalysts wlnle 
heating the catalyst at a rate of TOminute to 350°C and maintaining this temperature 
20 for 16 hours at a pressure of 1 bar. In the tests^ synthesis gas consisting of 2.1 :1 

H 2 CO (+3 vol%N 2 ) was passed over 1-2 g of the catalyst diluted 1 :5 with SiC at 20 
bar at the desired temperature and space velocity. The space velocity was usually 
varied to keep the CO conversion between 40 and 70%. Products from the reactor 
were sent to a gas chromatograph with FID and TCD detectors for analysis, and 
25 methane analysed on both detectors was used as a link in the calculations. 
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k order » investig*. .he influence of X on C5+ se.ec.Mry, catalysts 9-13 „.« tesred 
under the same reaction conditions as employed by Iglesra e. al. 

The results are given in Table lb and illustrated graphically in Figure 1 and compared 
5 .o.heresuhaof.gle.i.era.. Ftgure 1 sh™ .he effec, of , on C5 + selectivity usrng 

2DKC.IHB»WWH*0, a*"** < 8% dis » erai ° n - «°* P0,OSh, • aVen,8e ^ 
size (microns): 46, 1 13, 225, 363, 638). 

The shan> decrease in C5 + seleciviry a, X - values above ca. , M 0 ,0» m' » caused 
,0 by inuaptnticle diffusion hmiurion, for K and CO, as explained by Iglesra „ al 

LZ, in .he pcesem conte* i. is more import .0 rror.ee .ha. .he C5 + ^vrty 
of high surface area al„mina-suppor«d catajys* can no. be increased srgnrfrca** by 
virion of x(pa«icl= size) from lot, (<100 .0" m')» intenn^e value, (500- 
1000 10" m-) and oflte. medrods are thus evidently needed to increase Ore C5+ 
15 selectivity of alumina supported Co catalysts. 
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Example 3. Cob,.t catalysts supported on alumina with different surface area 
and phase composition 

5 Alumina supports with different surf- area - alumina phase composition were 
prepared by hear treatment a, different ,«mp««u.es as described in Example 1. The 

also comained vatying amounts of cobal. and promoter. The catalysts were 
rested in a fixed-bed reactor using the same equipment and procedures a. descnbed m 
Example 2. The result, for all of the catalysts are shown in Table 2 and illustrated m 

10 Figures 2, 3 and 4. 

Figures 2 and 3 show the C5+ selectivity for all of the catalysts with x< 150 10" 
(ie all catalysts with small par^ 

alumina content. Although there is some apparent spread in the data, it is quite clear 
that the low surface area / high a-alumina catalysts show significantly h.gher C5+ 
selectivities than high surface area y-alumina supported catalyst, It is also evident that 
the effect is more significant at surface areas below ca. 50 m2/g and a - alumina 
content above ca. 10%. 

Note also that the Schulz-Flory growth parameter (a) is increased for catalysts using 
low surface area alumina with a high content of a - alumina (see catalyst 2,3 and 4 m 
Table 2). The increase from in a from 0.92 to 0.94 gives an increase in wax (C19+) 
yield (in % of the total hydrocarbon production) of more than 10% units (from below 
50% to above 60%). 

Figure 4. shows a plot of C5 + selectivity as a function of X for catalyst, from Table 2. 
It is evident that two parallel curves arise from the data, one for high surface area 7- 
alumina supports and another for low surface area alumina with a high content of a- 
alumina. The latter shows on the average 4-6 % units higher C5 + selectivity than the 
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Example 4. The effect of cobalt loading on alumina with different surface area 
and phase composition 

The tests in Example 4 were fixed bed reactor tests at: 210*0, 20 bar, tVCO = 2.1, 45- 
5 55% conversion, ca. 100 h on stream. 

The results indicate that there is an optimum loading of cobalt for a given alumina 
surfacearea. A more thorough examination of the results in Example 3 shows that 
some of the low C5 + selectivities for low surface area / high a - alumina supports are 
10 caused by too high loading of cobalt. This is illustrated in Figures 5 and 6. Figure 5 
shows the effect of cobalt loading on C5+ selectivity and Figure 6 the effect on 
catalyst productivity using AhOs supported cobalt catalysts with different surface area 
/ tt-alumina content. 
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At 20% Co loading, there is a smaller gain in C5+ selectivity by using low-surface 
area / high a-alumina support (Figure 5). This is also clearly shown by exammmg the 
influence of Co loading on catalyst activity, as illustrated by the hydrocarbon 
production rate at these reaction conditions (Figure 6). In spite of the much lower 
surface area and pore volume of the catalysts according to the invention, the cobalt 
utilisation is as good as for high surface area supports up to about 12% Co, after winch 
it is apparent that the support can not effectively disperse the additional active metal. 

However, the results are not intended to limit the invention to Co loadings below 12%, 
but merely to illustrate that there is an optimum level for each set of support 
properties. It is well known that the accommodation of active metal in supports can be 
varied and optimised by the method of impregnation, the type of cobalt precursor, the 
solvent used, the number of impregnation steps and the conditions for pretreatment of 
the catalyst to mention only a few. 
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Example 5. The effect of metal promoters 

Although the results show a marked effect of surface area / a -alumina content for all 

such as Re or Ft and the support properties. This is illustrated in Table 3, showing that 
the effect of low surface area / high a - alumina supports is clearly larger for the Pt 
and Re promoted catalysts compared to the unpromoted catalyst. 

in order to make sure that the observed effect of promoters were not caused by 
secondary factors (x) 

experiments with Re promoted catalysts with lower Co loading and thus lower activity 
(and x) -re also performed. The results are given in Table 4, showing the posrtrve 
effect of Re for catalysts with virtually constant activity (and x - value). 

Table 3 Difference in C5- selectivity (AC5+) between low surface area / high a- 
alumina and high surface area /^-alumina based Co catalysts, with and without 
promoter. Catalyst sample numbers refer to Tables 1 and 2. Fixed bed reactor tests at. 
210-C, 20 bar, IVCO = 2.1, 45-55% conversion, ca. 100 h on stream). 



Catalysts (no.) 


AC5+ (%) 


12Co (2b /4b) 


3.5 


12Co0.5Re (2/4) 


6.0 


12Co0.3Pt (15 / 14) 


7.6 
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Table 4 Reaction rate and C5 + selectivity for catalysts supported on low surface area 
/high a - alumina with near-constant x. Catalyst sample numbers refer to Table 1 and 
2. Fixed bed reactortests at: 210X,20bar,H 2 /CO = 2.1, 45-55% conversion, ca. 100 

h on stream). 



Cat. 


Composition 


X 


Reaction rate 


Select. 
Cg+ 




(wt%) 


(m 1 
xlO 14 ) 


(gHC/gcat/h) 


(%) 


4b 


12%Co 


74 


0.30 


83.8 


4 


12%Co - 0.5%Re 


83 


0.43 


87.8 


6 


8%Co - 0.4%Re 


62 


0.26 


88.0 


7 


} 10%Co - 0.5%Re 


] 87 


0.36 


87.1 



Example 6. Water-gas shift activity 

10 The water gas shift reaction (CO - H,C- = CO, + H 2 ) is generally an unwanted side 
reaction to the main hydrocarbon synthesis formation. The water gas shift actmtv of 
the catalysts was tested by adding water (steam) to the feed in fixed-bed catalyst 
testing experiments otherwise similar to the experiments described in Example 2. Tins 

15 has the advantage thatthe water partial pressure is higher and more uniform over the 
reactor and thus facilitates interpretation of the data. 

Typical results for catalysts with low surface area / high a - alumina and high surface 
area / y - alumina are shown in Table 5. 
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Although most cobalt catalysts have relatively low water gas shift activity, the results 
show that the catalysts according to the invention have still significantly lower (a 
factor of 2) CO, formation rates compared to catalysts supported on high surface area 
y - alumina. 

Table 5 CO, selectivity for low surface area / high a - alumina and high surface area 
/ y - alumina based Co-Re catalysts. Catalyst sample numbers refer to Table 1 and 2. 
Fixed bed reactor tests at. 210»C, 20 bar. Feed composition (molar): 50.5%H 2 , 
24%CO 22-230/oH 2 O, balanced), 40-50% conversion, 100-200 h on stream). 



Cat. 


Composition 


Support 
surface 
area 


% 

a - AI2O3 


col f 

select. 


COi 
formation 
rate 




(wt%) 


(mVg) 




(%) 


(mmole/got/h) 


2 


12%Co - 0.5%Re 


191 


0 


0.56 


0.156 




12%Co-0.5%Re 


16 


86 


0.28 


0.087 



15 



20 



Example 7. Slurry reactor experiments 



A catalyst according to the invention was also tested in slurry reactor in order to verify 
the selectivity advantage also under the conditions typical of such reactors. Results are 
shown in Table 6. 

At virtually identical reaction conditions, the low surface area / high a - alumina 
supported catalyst show almost 7% increase in C5+ selectivity(compared to a typ.cal 
high surface area / y - alumina based catalyst), which is even more significant than 
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M in the fixed-beri reactor «u. The slurry ..cor — also connm, «he difference 
in C02 selectivities as described in Example 6. 

» , .y-ctui T = 220°C P = 20 bar, feed H2/CO - 2.0, j/o 
a 2 L stirred slurry reactor (CSTR). 1 «-» r 

inerts (N 2 ) in feed. Results after > 100 h on stream. 




* RE = Rare earth oxide (LazOs) 
1 0 Example 8. The effect of water 

C5 + aelectrvity » »0« dependen, on Ore level of warer concent (- P-«- 
pressure) in .he «». W- is • P.cdu« of .he Kscher-Tropsch reacuon and » 
15 partial p Lre in the r««or vrill before be decern on the oo— te vel. The 
« expertn.en.s „ere carried on. in order „ invest *. effeo. of _n 

«, further probe the effeo, of »a,er. The experiment, »ere earned oo, . . M 1 bed 
Z0 reacror Jn g ore same expert procedures as described inExantple 2, apart frotn 
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the addition of water and the deliberate variation of space velocity to influence 
conversion levels. The results are shown in Table 7. 

It is evident that the effect of using low surface area / high a - alumina supports is 
independent on water partial pressure. 

Table 7 The effect of water partial pressure on C5 + selectivity for low surface area / 
ZlenumbersrefertoTableland, Pixedbedreactor tests at: 210^,20 bar, H 2 
/CO = 2.1, 500-600 h on stream. 



Cat- 
No. 



Catalyst 
descr. 



CO 
conversion 

(%) 



12%Co - 0.5%Re 

16m 2 /g 
86% a -alumina 

12%Co - 0.5"/oKe 

191 m 2 /g 
0%a - alumina 



24 
50 
76 
30 
~2\ 
50 
74 
22 



Inlet 
HjO 
partial 
pressure 
(bar) 



0 
0 
0 

4.6 
~0~ 

0 

0 

4.6 



Average 
HiO 
partial 
pressure 
(bar) 
~09 



2.2 
4.2 
5.8 

~oT 

2.2 
4.0 
5.3 



selectivity 



(%) 



86.4 
88.4 
90.0 
91.4 



ACs+ 
Selectivity 



(%) 



i) 



81.0 
83.8 
84.7 
85.8 



5.4 
4.6 
5.3 
5.6 



l > C5+ selectivity advantage o 



f catalyst 4 compared to catalyst 2 at the same conditions 
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Example 9. Olefin hydrogenation activity 

Iglesia et al. have shown that both olefins and paraffins are primary products of the FT 
reaction and that secondary hydrogenation of olefins is an undesired side react^ 
5 DM auseolefinsarethenpreventedf™ 
M rogenationactiv^ 

as to how this property shall be implemented into a working catalyst. 

l0 More detailed analysis of the results from the fixed-bed reactor tests describe* in 
Examples 2 and 3 and other supporting tests indeed indicate that the cause of the 
selectivity improvement of the catalyst according to the invention is assorted w.th a 
reduced activity for hydrogenation of olefins although a simultaneous reducUon m the 
activity for termination of growing chains by hydrogenation can not be entirely 

15 excluded. 

These conclusion, are based on Figure, 7 » 9. Figure 7 shows propene - W*- 
selectivity as . .unction of support surface area for Co-Re/AMH 

w ere feed bed reactor tests * 210"C, 20 bar. Hi /CO °= 2.1, 45-55% converse about 
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25 



100 h on stream. 



Figure 8 shows the effect of * on ptopene selecnvh, using A*>, supported cobalt 
catalysis with different surface area / a - alumina content. In this figure, open symbols 
present high surface area y-ahunina support; filled symbols represent low surface 
,«, a - alumina support. These tea* were fixed bed rea«or teas at: 210 C. 20 bar, 
H2/CO = 2. 1, 40-70% conversion, > 24 h on stream. 
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Figure 9 shows the effect of x on propane selectivity using Afafe supported cobalt 
catalysts with different surface area / a - alumina content. In this figure, open symbols 
present high surface area Y -alumina support; filled symbols represent low surface 
areaa-alumina support. These tests were fixed bed reactor tests a, 210 C, 20 bar, 
5 Hi/CO = 2. 1, 40-70% conversion, > 24 h on stream. 

Thus these Figures show decreased light paraffin selectivity for low surface area / 
high a-alumina supported catalysts and indicate that the activity for olefin 
hydrogenation is reduced for catalysts according to the invention. (Propene/propane 
1 0 has been selected here as representative of light olefin I paraffin product, S.mdar 

effectsareobservedforotherlightproducts). Figure 7 shows that although propene 
selectivity is reduced for low surface area / high a - alumina supported catalysts, tins 
is not accompanied by an increase in the production of the corresponding paraffin 
(propane). 

A similar effect is observed when * is increased by ..creasing particle size (Figures 8 
and 9) When xis increased by increasing the particle size, the olefin (propene) 
^acti vity is continuously decreasing a, a result of olefins being converted into 
seconds products. Propane se.ec.ivi,, sUrt, «o increase a, . X - <* *- '~° * 
,0" m - indicating <ha, light olefins are converted to the corresponding pandTtn. Thts 
is a r«uh of diffusion resistiutce on ,he .eacumts (H„ CO) leading ,o low CO 
concentrations in «h. catalyst pores and thus conditions tnore <avor*le for secondary 
otefin hydrogenation. Although the results show .hat this reaction can no, be blocked 
M „lly for ,he caflysss according «o Ut. invention. ,he tendency for pr.p»e formation 
25 is lower for all x - values. 

Thus the pres... invention describe, a way of decreasing .he olefin hydrogenaion 
activhy of a Fischer - Tropsch Calys, wdhou, significantly ahering *c mam 
hyodrocarbon synthesis activity. 
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to addition .o the indirect evidence MM above, direct evidence for reduced oteftn 
Kydrogentuion acuvHy for the c*alys«, according .o the invention was »— •» 
performing ae^are olefot hydrogenarion expenntent, SCecfod c*..,... prepared and 
preyed according ro the procures deacribeo in Exanrp.es . «o 2 were — . . 
Led-bed re«,or for propen. hydrogen«io» activity. The mauh. are shown ■» Table g. 
The otefin hydrogen..™ rare for a low surface areVhigh a-aiumina based catalyst .a 
m ore th» a 6etor of 2 lower to the caudysts included for cotnpanson. 

T»b!e 3. rropene hydroge^tion activity of ,2%C<M>.5%R./ AfeO, with differen. 
surface are. and phase conrpoaition T - 120T, P ™ 1 atm. Feed con.rn.ng of 0.2 
vol% propane, 1 .3 vol% Hs and balance He (diluent). 



Cat. 


Surface area 
(m 2 /g) 


a - A1203 
(%) 


Propane 
formation 

rate 
(g/g cat/h) 


2 


191 


0 


1.1 


3 


66 


7 


1.1 


4 


16 


86 


0.4 
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Claims 

1 A catalyst for use in a Fischer-Tropsch synthesis reaction which comprises 
cobalt supported on alumina, in which the alumina support has a specfic 

5 surface area of <50m 2 /g. 

2 A catalyst for use in a Fischer-Tropsch synthesis reaction which comprises 
cobalt supported on alumina, in which the alumina support is at least 10% 
alpha- alumina. 

10 

3. A catalyst as claimed in Claim 1 and Claim 2. 

4. A catalyst as claimed in any preceding Claim, in which the specific surface are 
of the alumina is <30m 2 /g. 

15 5. A catalyst as claimed in any of Claims 2 to 4, in which the alumina is at least 
50% and preferably at least 80% alpha-alumina. 

6. A catalyst as claimed in Claim 5, in which the alumina is substantially pure 
20 alpha-alumina. 

7. A catalyst as claimed in any preceding Claim, in which the cobalt represents 
from 3 to 35% by weight of the catalyst. 

claimed in Claim 7, in which the cobalt represents from 5 to 20% 



25 8. A catalyst as 

by weight of the catalyst. 



Acai 



talyst as claimed in any preceding Claim, further comprising a promoter. 
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10. 



A catalyst as claimed in Claim 9, in which the promoter is rhenium, platinum, 
rhodium and/or iridium.. 



11. A catalyst as claimed in Claim 10, in which the promoter is rhenium and is 
5 present as 0.5 to 50% of the cobalt content. 

12 A catalyst as claimed in Claim 10, in which the promoter is platinum, rhodium 
and/or iridium and is present as 0.1 to 50% of the cobalt content. 

10 13- A catalyst as claimed in Claim 9, comprising up to 2% by weight of the 
promoter in total. 

14 A method of manufacturing a Fischer-Tropsch catalyst which comprises heat 
treating alumina particles at a temperature in the range 700 to 1300°C for a 



period of between 1 and 15 hours; and impregnating the heat treated particles 
with cobalt. 

15. A method as claimed in Claim 14, further including the step of impregnating 
the alumina particles with cobalt, together with a promoter/dopant. 

16. A method as claimed in Claim 15; in which the promoter is rhenium, platinum, 
iridium and/or rhodium. 

17. The use of a catalyst as claimed in any of Claims 1 to 13 in a Fischer-Tropsch 
25 synthesis reaction. 

18. A use as claimed in Claim 17 in which the reaction is conducted in a slurry 
bubble column reactor. 
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19 . A method of producing hydrocarbons, in which synthesis gas is reacted in the 
presence of a catalyst as claimed in any one of claims 1 to 13. 

20. A method as claimed in claim 19, in which the reaction is conducted in a slurry 
5 bubble column. 

21. A method as claimed in claim 20, in which the reaction temperature is in the 
range 150to300°C 

10 22. A method as claimed in claim 21, in which the reaction temperature is in the 
range 175 to 250°C. 

23. A method as claimed in any one of claims 20 to 22, in which the reaction 
pressure is in the range 1 to 100 bar. 

15 24. A method as claimed in claim 23, in which the reaction pressure is in the range 
10 to 50 bar. 

25 A method of converting natural gas to C,+ hydrocarbons, which comprises; 
20 subjecting a natural gas feed stream to areforming reaction to produce a 

synthesis gas feed stream of hydrocarbon and carbon monoxide; subjectmg the 
synthesis gas feed stream to a Fischer-Tropsch synthesis reaction in the 
presence of a catalyst as claimed in any of Claims 1 to 13; and separatmg a 
product stream including C 5 + hydrocarbons. 
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